The mechanism of weight loss induced by the growth of malignant tumors is still unknown. We investigated it by focusing on apoptosis of skeletal muscle. VX2-tumor was implanted into rabbits and the apoptotic index (AI) of skeletal muscle was measured by in situ end-labeling assay. Plasma of the tumor-bearing rabbits was perfused repeatedly through non-coated charcoal resin. The AI reached 54.6% early after tumor implantation, when weight loss amounted to an 18% decrease in lean body mass (LBM) without change in muscle DNA synthesis or urinary 3-methylhistidine/ creatinine ratio (3-MH/Cr). When the decrease of LBM reached 30%, DNA synthesis was decreased by 48% and 3-MH/Cr was increased by 104%, whereas AI was only 4.7%. The plasma perfusion did not prevent apoptosis in muscle, but improved LBM, DNA synthesis, and 3-MH/Cr. There may be two mechanisms of muscle depletion during the tumor growth: apoptosis in the early stage and metabolic abnormalities in muscle in the late stage.
The weight loss induced by the progression of malignant tumors is the symptom that has attracted the greatest attention among investigators attempting to identify the etiology of cancer cachexia, a condition that gives rise to a variety of symptoms. Cancer cachexia is generally considered to be characterized metabolically by proteolysis and lipolysis rates that exceed protein synthesis and lipogenesis, but no conclusion has been reached concerning how these metabolic abnormalities occur. Todorov et al. succeeded in purifying a cancer cachectic factor that induces skeletal muscle catabolism from mice transplanted with MAC16 tumors. 1) Other humoral factors such as cachectin, tumor-necrosis factor, interleukin (IL)-1, IL-6, interferon (IFN)-γ, leukemia-inhibitory factor (LIF), and lipid-mobilizing factor have also been reported to act as mediators inducing cancer cachexia. [2] [3] [4] We purified an anemiainducing substance (AIS) that depresses erythrocyte and immunocompetent cell functions, as reported in our previous papers, 5, 6) and AIS has been recently shown to have another biological action, i.e., lipolytic activity. As stated above, many substances have been reported to be causative agents of cancer cachexia, and at present it is difficult to discuss the etiology of this condition in a coherent fashion.
In the present study using tumor-bearing rabbits, we examined the relationship between weight loss induced during the progression of malignant tumors and the morphological and energy metabolism changes in muscle tissue.
MATERIALS AND METHODS
Experimental animals Male Japanese White rabbits implanted with VX2-carcinoma 7) in the muscles of their right thigh were supplied by Tsukuba Animal Research Laboratories Co. (Tsukuba) and fed essential CR-3 (Clea, Tokyo) and water. When the VX2-carcinoma in the right thigh of the rabbits grew to more than 5 cm in diameter, it was resected, and cell suspensions (1×10 5 cells in 1 ml of 0.15 M NaCl) were injected intramuscularly into the right thigh of normal rabbits weighing about 3 kg. Body weight and lean body mass (LBM) were measured and urine was sampled to determine 3-methylhistidine (3-MH) and creatinine (Cr) concentrations by HPLC 8, 9) every 10 days after tumor implantation.
As the control group, normal rabbits about 3 kg were injected with 1 ml of 0.15 M NaCl into the right thigh and were fed the same amount that the VX2-implanted animals ate (group C). Monitoring of LBM Rabbits intravenously anesthetized with pentobarbital (25 mg/kg) were subjected to measurement of the total body electrical conductivity (TOBEC) with a TOBEC Small Animal Body Composition Analysis System (Model 3152, EM-SCAN Inc., Springfield, IL; 203 mm in inner diameter and 617 mm long). The measurements were made by observing changes in impedance upon exposure to a 10-MHz magnetic field in a measurement chamber. The LBM (g) of the rabbits was calculated by using the formula: 1.536×TOBEC value+475.1.
10)
Method of cyclic plasma perfusion A Teflon catheter (24-gauge Insite, Terumo Co., Tokyo) was inserted into the rabbit's auricular artery and vein, and blood flowing out of the artery at about 5 ml/min was separated with a membrane-type plasma separator (pore size: 0.2 µm, membrane area: 0.1 m 2 ). The separated plasma was then passed through an adsorptive resin column containing noncoated charcoal as the base material at a flow rate of about 3 ml/min, after which the cellular component and plasma component were re-mixed and returned into the rabbit's auricular vein. The quantity of plasma perfused each time was equivalent to the rabbit's total plasma volume (the total circulating plasma volume of each rabbit was calculated as 38.8 ml/kg of the animal's body weight). Plasma perfusion was performed twice a week beginning 10 days after implantation of VX2-carcinoma (group A). 11, 12) As the control group, the perfusion was performed for the same duration and with the same frequency on VX2-implanted rabbits without the non-coated charcoal column (group B). Determination of the apoptotic index (AI) A femoral muscle tissue specimen was collected from each rabbit before, and on days 20 and 40 after VX2-tumor implantation, fixed with 10% neutral formalin, embedded in paraffin, and sectioned. Apoptotic cells were detected in situ by the TUNEL (TdT-mediated dUTP-biotin nick-end labeling) method using the Apop Tag kit (Oncor, Inc., Gaithersburg, MD).
13) The AI was defined as the percentage of TUNEL-method-positive cells in a 200-times magnified field, and the AI was compared between the experimental groups. To ensure lack of investigator bias, two different persons, who were blinded as to the treatment group, read the AI separately. DNA laddering Skeletal muscle tissue collected from each rabbit every 10 days after tumor implantation was homogenized, and the DNA was extracted by the methods described previously.
14) The extracts were electrophoresed in 1.5% agarose gel, stained with SYBR Green I (Molecular Probes, Eugene, OR), and visualized under UV illumination. Primary myoblast culture and DNA synthesis Approximately 3 ml of hypertonic saline (20% w/v) was injected intramuscularly into the left thigh of normal rabbits and rabbits implanted with VX2 carcinoma 20 days or 40 days before, and either treated or not treated by cyclic plasma perfusion, and a specimen of regenerating muscle (about 1 g) was resected from the injection area 72 h later. The muscle specimen was washed with Hank's balanced salt solution (HBSS; Wako Pure Chemical Ind., Osaka), minced with scissors, and incubated in 20 ml of HBSS supplemented with 5 mM CaCl 2 , 10 mM N-2-hydroxyethylpiperazine-2-ethanesulfonic acid (HEPES; Wako), 0.8 mg/ml of collagenase (Wako), and 1000 protein units/ml of Dispase (protease; Godo Shusei Co., Tokyo) for 1 h at 37°C. The dispersed cells were centrifuged at 450g for 5 min, and washed twice with HBSS. Then aliquots of 6×10 5 cells were cultured in 3 ml of Williams' medium E (Gibco BRL, Life Technologies Inc., Grand Island, NY), supplemented with 10 − 8 M insulin, 10 −8 M dexamethasone, 30 µg/ml kanamycin, and 17% fetal bovine serum (Gibco BRL) on 6-cm diameter collagen-coated plastic dishes (Iwaki Co., Funabashi) under an atmosphere containing 5% CO 2 at 37°C. Fibroblasts were removed by means of the selective plating procedure described by Yaffe. 15) Three days after the start of primary culture of the myoblasts, 10 µCi of [ 3 H]thymidine (New England Nuclear Co., Boston, MA; 11 Ci/mmol) was added to each dish, and the cultures were incubated under an atmosphere containing 5% CO 2 at 37°C for 6 h. The cells in each dish were then washed twice with PBS and solubilized in 1.5 ml of 0.2% sodium dodecyl sulfate. The DNA in the solubilized cells was precipitated by addition of 1.5 ml of 10% trichloroacetic acid on ice for 10 min and centrifugation at 10 000g for 10 min. Incorporation of [ myoblasts was recorded as the DNA synthesis rate.
8)
Data analysis Student's t test was used to analyze the data for significant differences, and differences were considered statistically significant when the P value was <0.05. All data are expressed as means±SD.
RESULTS
Rabbits were divided into three groups as follows: group A, VX2-implanted rabbits with cyclic plasma perfusion through non-coated charcoal; group B, VX2-implanted rabbits with sham-perfusion; group C, rabbits injected with 1 ml of 0.15 M NaCl solution instead of VX2 tumor cells.
There were no significant differences in body weight and LBM at day 0 of the experiment between the three groups. The tumor implanted in the right thigh showed almost the same growth in both group A and group B before the start of plasma perfusion.
In group A, total body weight and LBM at 20 days after implantation significantly decreased to 0.86±0.14 and 0.85±0.19 (values are mean±SD expressed as the ratio to the values on day 0), respectively, showing no significant difference from those in group B (Fig. 1) . At that time, myoblast DNA synthesis (DNAS) was 0.99±0.08 and 0.99±0.13 in group A and group B, respectively ( Fig. 2A) , showing no significant decrease in both groups. At 40 days after implantation, total body weight, LBM, and DNAS in group B decreased to 0.64±0.14, 0.69±0.22, and 0.54±0.18, respectively, while those in group A improved significantly to 0.90±0.19, 0.94±0.20 and 0.86±0.24, respectively (Figs. 1, 2A) . No apoptotic cells were detected by the TUNEL method in group C. By contrast, the AI values in group A on 10, 20, 30, and 40 days after implantation were 3.5±1.6, 47.9±12.5, 37±12.8, and 5.0±4.1, respectively, and there was no significant difference in AI between group A and group B (Figs. 2B, 3) . We also assessed apoptosis in terms of DNA laddering. A DNA laddering pattern characteristic of DNA fragmentation was visible in the samples from animals with higher percentages of TUNEL-positive nuclei (Fig. 4) .
The urinary 3-MH/Cr, a probable index of muscle catabolism, had not changed as of 20 days after implantation in both group A and group B. However, 3-MH/Cr in group B had increased by 2.1 fold at 40 days after implantation compared with pre-implantation values, while it was 152±41.7 nmol/mg (almost the same as before implantation) in group A (Fig. 5) . 
DISCUSSION
The pathogenesis of the cancer cachexia associated with the progression of malignant tumors has yet to be elucidated. Although most studies have postulated cytokines, such as tumor necrosis factor-α (TNF-α), IL-1, IL-6, IFN-γ, and LIF, as causative substances, some researchers are pursuing potential causative substances produced by the tumor, such as lipid mobilizing factor (LMF). [16] [17] [18] In 1987, we discovered an AIS that reduces the functions of erythrocytes and immunocompetent cells in the plasma of advanced ovarian cancer patients. 5, 6) Recently it has also been shown to possess a lipolytic effect. 19) That series of studies dealt with weight loss in terms of decreases in fats. Our previous study on the depletion of total body fat in tumor-bearing subjects showed that the main reason for the decrease in adipose tissue was adipocyte apoptosis in the early stage of tumor progression, while it was metabolic imbalance in the late stage of tumor progression. 20) Does a similar phenomenon occur in muscle tissue, which accounts for a large proportion of the body components? In this preliminary study we examined the relationship between weight loss induced during the progression of malignant tumors and the morphological and energy metabolism changes in muscle tissue in order to develop a new hypothesis for the cause of weight loss in cancer patients.
It is known from the results of animal model studies that body weight, especially total body fat, decreases early after tumor implantation. [19] [20] [21] Are the mechanisms of the weight loss observed in the early stage of tumor bearing the same as those of the late phase? Body weight and LBM had significantly decreased 20 days after tumor implantation compared with the pre-implantation values, but there was no change in DNAS or urinary 3-MH/Cr, a probable index of muscle catabolism, and 54.6% of muscle cells were positive for apoptosis. These findings strongly suggested that weight loss in the early stage of cancer bearing is mainly attributable to apoptosis in skeletal muscle, not metabolic catabolism. At 40 days after implantation, however, DNAS had decreased by 54% and 3-MH/Cr had increased by 107%, compared with their pre-implantation values, whereas AI was just 5.0%. Both DNAS and 3-MH/Cr returned to their pre-implantation values after plasma perfusion. This means that plasma perfusion removed humoral factors, which induce catabolic changes in skeletal muscle, from the plasma. In other words, this finding indicates that substances that increase muscle catabolism and can be removed by plasma perfusion are involved in the late stage of cancer bearing. However, plasma perfusion did not affect the apoptosis of muscle cells. This shows that weight loss in the late stage of cancer bearing is related to decreased protein synthesis and increased proteolysis.
Why is apoptosis of normal skeletal muscle cells induced in the early stage of cancer bearing and decreased in the late stage? One possibility is that the apoptosis of tumor cells is induced as a mechanism to suppress tumor proliferation in the early stage of cancer and the apoptosis of normal muscle tissue is induced as an overreaction, and that the mechanism that inhibits tumor proliferation is already reduced in the late stage of cancer bearing, which results in the inhibition of apoptosis in muscle tissue. We are attempting to identify the genes involved in the induction and inhibition of the apoptosis of normal muscle cells in order to elucidate the mechanisms of the apoptosis.
Based on the results of this study, we hypothesize that there are at least two major causes of the weight loss induced by the growth of malignant tumors, which may play central roles in muscle depletion: apoptosis in the early stage and metabolic abnormality in muscle in the late stage. Similar studies need to be conducted in human subjects.
